Abiotic stress is a major force of selection that organisms are constantly facing. While 18 the evolutionary effects of various stressors have been broadly studied, it is only more 19 recently that the relevance of interactions between evolution and underlying ecological 20 conditions, that is, eco-evolutionary feedbacks, have been highlighted. Here, we experi-21 mentally investigated how populations adapt to pH-stress under high population densities.
Introduction
of 4.5 was reached (1.6 mL of 1 M HCl per 100 mL of SSP medium, for the relationship be-160 tween added HCl and pH, see Supporting Information section S1). We repeated this regime of 161 medium removal and replacement on every first, third and fifth day of the week for a total of six 162 weeks. Consequently, the pH of the medium for LpH populations was gradually reduced over 163 a period of two weeks, after which it was kept approximately stable at 4.5 for the remainder of 164 the experiment. 165 Genotype revival and common garden conditions 166 In order to perform all population growth assays of evolved (LpH and NpH) and ancestral 167 (ANC) populations at the same time, we revived the ancestor populations from liquid nitrogen 168 storage. We transferred revived cells to SSP-medium with antibiotics for recovery. We then 169 prepared a common garden treatment. We inoculated common garden cultures for the LpH, 170 NpH and ANC populations (50 mL Falcon R tubes with 20 mL of SSP medium with antibiotics) 171 with 100 µL culture and transferred them to a shaker for 72 h, in order to control for potential 172 plastic or parental effects. This should ensure that any observed phenotypic changes are the 173 result of either de novo mutations, or of highly stable epigenetic effects.
genotypes, each replicated four times per assay medium pH treatment), and evolved (LpH and 178 NpH) populations (29 surviving populations per assay medium pH treatment) for a total of 90 179 cultures. We placed these cultures in an incubator, and grew them for seven days. Most popula-180 tions reached equilibrium density well before the end of these seven days (between 20 and 100 181 hours after populations started growing; see also section S10 in the Supporting information), 182 which allows us to obtain precise measurements of growth rates and population equilibrium 183 densities.
184
Data collection and video analysis 185 We sampled populations both during the evolution experiment and during the population 186 growth assessments, to quantify (i) population density during evolution, (ii) intrinsic rates of 187 increase (r 0 ), and (iii) intraspecific competition coefficients (α) for the ANC, LpH and NpH 188 populations. These r 0 and α estimates were obtained through fitting of a population growth 189 model, as described below in the section "Population growth model fitting". During the evo-190 lution experiment, we sampled three times per week prior to medium replacement. For the 191 population growth rate assessments of the evolved and ancestral populations, we sampled a 192 total of 10 time-points over a course of the seven days, with more frequent sampling early in 193 the growth phase (four times over two days) to adequately capture the population dynamics.
194
For sampling and analysis, we followed a previously established method of video analysis to 195 extract information on cell density and morphology of our evolved and ancestral populations, 196 using the BEMOVI R package (Pennekamp et al., 2015) .
197
Our population sampling method is adapted from well-established protocols (Fronhofer 198 and Altermatt, 2015; Fronhofer et al., 2017) . Briefly, 200 µL of culture was sampled from the 199 population, and if cell density was too high for video analysis, diluted 1/10 or 1/100, because 200 excessive cell density decreases the accuracy of cell recognition during video analysis. We then 201 transferred the culture to a system of microscope slides with fixed capacity, so that a standard 202 volume (34.4 µL) of culture could be measured for all videos. Next, we took a 20 s video 203 at 25 fps (total of 500 frames) using a Leica M165FC stereomicroscope with top-mounted 204 Hamamatsu Orca Flash 4.0 camera. We analyzed our videos using the BEMOVI R package 205 (Pennekamp et al., 2015) to extract the relevant information. Parameters used for video analysis 206 can be found in the Supporting Information (section S3).
207
Statistical analyses 208 All statistical analyses were performed using the R statistical software (version 3.5.1) with the 209 'rstan' (version 2.18.2) and 'rethinking' (version 1.5.2) packages (McElreath, 2015) . Beverton-Holt model is given by the equation
with the intraspecific competitive ability (α) being
Here, N corresponds to population size, r 0 corresponds to the intrinsic rate of increase, α to the 220 intraspecific competitive ability (hereafter referred to as competitive ability), and d to the death 221 rate of individuals in the population. The K parameter in equation (2) represents the equilib-222 rium population density. We adapted Bayesian statistical models from Rosenbaum et al. (2019) to estimate parameter values for r 0 , α, d, and K using the rstan package and trajectory match-224 ing, that is, assuming pure observation error (see https://zenodo.org/record/2658131 for 225 code). We chose vaguely informative priors, that is, we provided realistic mean estimates, but 226 set standard deviation broad enough to not constrain the model too strongly, for the logarithmi- and ln(K) ∼ normal(13.1, 1).
229
Analysis of parameter estimates r 0 , α, and K
230
In a next step, we analyzed the population growth parameter estimates to determine how our 231 experimental treatments affected them. As intrinsic rates of increase (r 0 ) integrate birth and 232 death rates and are more reliably estimated than its components (narrower posterior distribu-233 tions), we here focussed on intrinsic rates of increase and excluded the death rate from further 234 analyses (see also Tab. S10 for summarized posteriors).
235
To analyse the parameter estimates (r 0 , α, and K), we constructed separate linear models 236 for each genotype, and fit logarithmically (ln) transformed parameters r 0 , α and K as a function 237 of a) the pH of the assay medium, b) general evolution across pH treatments, that is, difference 238 between ANC populations, on the one hand, and evolved populations, on the other hand, c) 239 evolution to specific pH treatments (that is, differences between ANC, LpH and NpH) and d) 240 interactions between pH of the medium and evolutionary changes. This resulted in 16 statistical 241 models for each of the response variables and each of the four genotypes (see Tab. S3 in During the 42 days of the evolution experiment, population densities ranged from approxi-302 mately 1 × 10 3 cells/mL to 2 × 10 6 cells/mL (see Fig. 1 ) and fluctuated around the population 303 equilibrium density due to stochastic variation in death and division rates. Observed densities 304 varied strongly depending on treatment and genetic background. Out of 32 evolving popula-305 tions, three went extinct during the experiment, all in the low pH treatment (one population 306 each for genotype 1, 2 and 3). Variation and covariation in r 0 and α 331
The intrinsic rate of increase (r 0 ) and competitive ability (α) were positively correlated both at 332 low pH and neutral pH of the assay medium (Fig. 3) . However, the correlation was markedly 333 stronger at low pH (R 2 = 0.95) than at neutral pH (R 2 = 0.61). Variation in these two quantities 334 was also larger at low pH compared to neutral pH (Fig. 3) . At a low pH of the assay medium, r 0 and α showed lower variation for the LpH popula-336 tions compared to the ANC and NpH populations ( Fig. 4 panels A-B and I-J; see also Tab. S7 337 in Supporting Information section S8). We did not detect differences in terms of equilibrium 338 population density (K). At a neutral pH of the assay medium, we did not detect differences in 339 variation for the intrinsic rate of increase (r 0 ), slightly more variation in equilibrium population . Symbols correspond to data from LpH (red) or ANC (blue) populations (shape represents genotype, see legend). Symbols surrounded by a grey disc represent the example populations of panels A-B. Lines and shaded areas represent the weighted posterior predictions and the 95% probability intervals for the four genotypes. A visual representation of the density regulation function of all replicate populations can be found in the Supporting Information Fig. S4 in section S6.
Density-dependent fitness

Discussion
372
In this experiment, we investigated the evolutionary response of the model protist Tetrahymena
